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This study investigated glutathione (GSH) homeostasis in human lung epithelial cells (A549)
exposed to crocidolite. Exposure of A549 cells to 3 pg/cm2 crocidolite resulted in a decrease in
intracellular reduced glutathione by 36% without a corresponding increase in GSH disulfide. After
a 24-hr exposure to crocidolite, 75% of the intracellular GSH lost was recovered in the
extracellular medium, of which 50% was in reduced form. Since the half-life of reduced GSH in
culture medium was less than 1 hr, this suggests that reduced GSH was released continuously
from the cells after treatment. The release of GSH did not appear to result from nonspecific
membrane damage, as there was no concomitant release of lactate dehydrogenase or
14C-adenine from loaded cells after crocidolite treatment for 24 hr. Crocidolite exposure resulted
in the formation of S-nitrosothiols but no increase in the level of GSH-protein mixed disulfides or
GSH conjugates. Exposure of A549 cells to crocidolite for 24 hr decreased gamma
glutamylcysteine synthetase (-GCS) activity by 47% without changes in the activities of GSH
reductase, GSH peroxidase, GSH S-transferase, or glucose-6-phosphate dehydrogenase.
Treatment of cells with crocidolite pretreated with the iron chelator desferrioxamine B resulted in
the same level of intracellular GSH depletion and efflux and the same decrease in -tGCS activity
as treatment with unmodified crocidolite, which suggests that iron-catalyzed reactions were not
responsible forthe GSH depletion. Environ Health Perspect 105(Suppl 5):1273-1277 (1997)
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crocidolite, A549 cells, human lung epithelial cells
Introduction
Exposure to asbestos results in an increased
risk offibrosis, bronchial carcinoma, and
mesothelioma ofthe pleura, pericardium,
and peritoneum (1). Although consider-
able research has been directed toward
understanding fiber-related disease, the
molecular mechanism by which crocidolite
causes disease is still notwell understood.
Crocidolite, the most carcinogenic
form of asbestos, contains 27% iron by
weight (2). There is evidence to suggest
that the generation of reactive oxygen
species via iron-catalyzed reactions
contributes to crocidolite-dependent
biological effects (2-4). Iron appears
responsible for the biochemical reactivity
ofcrocidolite in vitro, e.g., formation of
the highly reactive hydroxyl radical (5,6)
and induction of DNA single-strand
breaks (7). In cultured cells, iron also
appeared involved in 8-hydroxy-2'-
deoxyguanosine formation (8,9), synthe-
sis of mRNA for the inducible form of
nitric oxide synthase (iNOS) and produc-
tion ofnitrite, a stable oxidation product
ofnitric oxide (NO) (9).
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Redox active iron on the surface or
mobilized from phagocytized fibers has the
potential to catalyze the formation ofreac-
tive oxygen species. One line ofdefense
against these species is glutathione (GSH),
the most prevalent thiol-disulfide redox
buffer, found in millimolar concentrations
in most human cells (10). Decreases in cel-
lular GSH can occur in response to either
transition-metal catalyzed formation of
hydroperoxides, or to the modulation of
key enzymes responsible either for synthe-
sis and maintenance or utilization ofGSH.
Several investigators measured intra-
cellular GSH levels in cultured cells
exposed to crocidolite (11-13). The exper-
iments reported here measured levels of
GSH and several ofits alternate forms and
examined the activities of enzymes
involved in the maintenance and reaction
of GSH in human lung epithelial cells
(A549) aftercrocidolite treatment.
Materials and Methods
Asbesfts andReagents
Crocidolite was obtained from R Griesemer
(National Institute ofEnvironmental Health
Sciences/National Toxicology Program,
Research Triangle Park, NC) and contained
27% iron by weight. Fiber size was charac-
terized; a mean length of 10 pm and mean
width of0.27 pm, determined by scanning
electron microscopy, was reported (14).
Metaphosphoric acid and 1-heptanesulfonic
acid were obtained from Fluka Chemical
(Ronkonkoma, NY) and 2-vinylpyridine
was obtained from Aldrich Chemical
(Milwaukee, WI). 14C-adenine was ob-
tained from NEN Life Science (Boston,
MA). All other reagents were obtained from
SigmaChemical (St. Louis, MO).
CeGi Culure
Culture Medium and Cells. Ham's F12
cell culture medium without Fe2SO4 (Life
Technologies, Grand Island, NY) was
used for these experiments. Complete
growth medium was composed ofF12, 50
pg/ml gentamicin (M.A. Whittaker
Byproducts, Walkersville, MD), 10% fetal
bovine serum (Summit Biotechnology, Ft.
Collins, CO), and 1.18 g NaHCO3/liter
medium, to obtain a final pH of 7.4.
A549 cell line (ATCC CC1185) was
obtained from American Type Culture
Collection (Rockville, MD). Cells were
cultivated and maintained as previously
described (9).
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TreatmentofCells
Cells were treated with crocidolite or
crocidolite from which iron had been par-
tially removed with desferrioxamine B
(DF). DF crocidolite was prepared as pre-
viously described (9). Crocidolite or DF
crocidolite was suspended in sterile 1.18
g/liter NaHCO3, pH 7.4, immediately
before use.
The cells were plated at a culture
density of 20,000 cells/cm2 and treated
after 24 hr with crocidolite or DF crocido-
lite at the indicated concentrations. The
treatment medium was removed at the
indicated times and the cells were dis-
lodged and resuspended in the appropriate
solution for the analyses described below.
Under these treatment conditions, we
observed that approximately 60% of the
crocidolite fibers was taken up by the
epithelial cells (15).
CytotoxicityAssay
Treated cells were suspended in complete
growth medium and the cytotoxicity of
crocidolite determined by percent relative
cloning ability as previously described by
Takeuchi and Morimoto (9). Results are
reported as the mean ±SD (n=3).
Analys forIntrcellular
Glutathione Levels
EnzymeRecycling. Treated cells (6.0x106)
were collected and lysed in 5% metaphos-
phoric acid for 15 min on ice. The
16,000 xg supernatant of the cell lysate
was analyzed for GSH and GSH disulfide
(GSSG), using enzymatic recycling, as
described by Griffith (16). The results are
expressed as nmol GSSG/106 cells or nmol
(GSH +GSSG)/106 cells.
High-performance Liquid Chroma-
tography with Dual Electrochemical
Detection. Cells were treated and har-
vested as described for the enzyme recy-
cling assay. GSH and GSSG were
separated and quantified simultaneously by
high-performance liquid chromatography
with dual electrochemical detection
(HPLC-EC), as originally described by
Richie and Lang (17).
AnalysisforExtliular
Glutathione
After cell treatment, the extracellular
medium was removed and centrifuged at
250 xg for 10 min. The supernatant was
removed and acidified immediately with
5% metaphosphoric acid to determine
extracellular GSH and GSSG, as described
for the enzyme recycling method.
Determination of
Glutathione-ProteinMixed
Disulfides andGSH Conjugates
Treated cells (1.2x 106) were collected and
lysed in 500 pl of 1% metaphosphoric
acid. Reduction of GSH-protein mixed
disulfides or GSH conjugates in the
10,000 xg supernatant was determined
using the method of Meredith (18).
Results are expressed as nmol/106 cells.
Detennination ofSmNitrosothiols
Treated cells (approximately 1.5 x 107)
were collected, resuspended in 200 pl
deionized distilled water, and lysed by
repeated freezing in liquid nitrogen and
thawing. Protein was removed from the
16,000xgsupernatant ofthe cell lysate by
mixing 200 pl of the supernatant with
200 pl 10% ZnSO4. The content of S-
nitrosothiol was determined by the method
ofSaville (19). All steps were conducted in
minimal light to prevent decomposition of
S-nitrosothiols (20,21).
EnzymeAssays
Dislodged cells (1.8x 107) were collected
and resuspended in 100 mM phosphate
buffer, pH 7.4, containing 1 mM DF. Cell
suspensions were lysed by three cycles of
freezing and thawing or by the addition of
0.1% Triton X-100. The 105,0xg
supernatants were analyzed immediately or
kept frozen at -20°C until analysis. Protein
concentrations were assayed using the
bicinchoninic acid protein assay (Pierce,
Rockford, IL) with bovine serum albumin
as the standard.
The activity ofgamma glutamylcysteine
synthetase (,y-GCS) was determined using
the method of Seelig and Meister (22).
Enzyme activity is defined as the amount of
enzyme that catalyzes the oxidation of 1
nmol nicotinamide adenine dinucleotide
(reduced form)/min/mg ofprotein (U/mg
protein). The activity ofGSH peroxidase
(GPx) was determined byWendel's method
(23). The activity ofGSH reductase (GR)
was determined using the method of
Carlberg and Mannervik (24). The activity
ofGSH-Stransferase (GST) was determined
using the method ofHabig et al. (25). The
activity ofglucose-6-phosphate dehydroge-
nase (G6PDH) was determined by Lee's
method (26). The activity oflactate dehy-
drogenase (LDH) was determined using the
method ofWelderandAcosta (27).
MembranePermeability
Twenty-four hours after plating the cells,
we treated them with 3 pg/cm2 crocidolite
for 24 hr and the amount ofLDH in the
medium or in the cells was determined, as
described above. An additional method to
determine whether the membrane perme-
ability was altered by crocidolite treatment
determined the amount of 14C-adenine
released from the cells after crocidolite
treatment. Twenty-four hours after plating
the cells, we exposed them to 14C-adenine
(1 pCi) in complete medium for 4 hr. The
medium containing 14C-adenine was
removed, cells were washed with phos-
phate-buffered saline, then treated with 6
pg/cm2 crocidolite for 24 hr for compari-
son with untreated control cells. At the end
ofthe treatment period, counts per minute
(cpm) resulting from 14C in the medium
or cells was determined by scintillation
counting. Results were compared between
treated and untreated samples as cpm in
the medium per total cpm (cpm in the
medium plus cells).
Results
EffectofCrocidoliteExposure
onIntrcellularLevels
ofGlutathioneinA549 Cells
A549 cells were used to study levels of
GSH and GSSG after exposure to crocido-
lite because they exhibit characteristics of
epithelial type II cells, which are the target
cells for asbestos-induced bronchogenic
carcinoma. Crocidolite produced a dose-
dependent depletion of intracellular GSH
without elevation of GSSG (Table 1).
There was up to a 59% decrease in intra-
cellular GSH levels in treated cells, and lev-
els remained constant above 6 pg/cm2
crocidolite (data not shown). Simultaneous
determination of GSH and GSSG levels,
using HPLC-EC, confirmed the results
observed using the enzyme-recycling
method (Table 1). To determine if the
GSH decrease resulted from iron-catalyzed
oxidative reactions occurring during cell
lysis and GSH determination, crocidolite
(equivalent to the amount that remained
associated with the harvested cells treated
with 3 pg/cm2 [1.75 pg/cm2]) was added
immediately prior to lysis ofuntreated cells
for GSH determination. This did not
result in a significant difference in GSH
levels (23 ±2 nmol/106 cells) compared
with controls without crocidolite (23 ± 3
nmol/106 cells). These results confirm that
the decrease in GSH observed in cells
treated for 24 hr was not an artifact ofthe
assay procedure. Treatment of cells with
DF crocidolite from which reactive iron
had been removed (2,9) resulted in a
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Table 1. Effect ofcrocidolite exposure on intracellular glutathione levels in human lung epithelial cells.a
Crocidolite, pg/cm2 GSH+GSSG, nmol/106 cells GSSG, nmol/106 cells Relative survival, %
0 22±3 (23 ±2)b 0.27±0.07 (0.34±0.05) 100
1.5 17±2 (17±2)* 0.27±0.05 (0.34±0.07) 63±4
3.0 14±2(15±2)* 0.26±0.03 (0.32±0.06) 46±5
6.0 9±1 (9±2)* 0.32±0.07 (0.30±0.04) 13±4
DFc3.0 14±1* 0.28±0.03 54±4
DF6.0 9±1* 0.30±0.08 33±5
'A549 cells were treated with crocidolite or DF crocidolite at the indicated concentrations. Total and oxidized glu-
tathione were determined by enzyme recycling or HPLC-EC, as described in "Materials and Methods." Results are
expressed as mean±SD (n=3). bNumbers in parentheses indicate determinations made by HPLC-EC, as described
in "Materials and Methods." cCrocidolite from which reactive iron was removed by DF pretreatment. *, signifi-
cantly different from the untreated control (Student's t-test, p<0.05).
decrease in intracellular GSH levels compa-
rable to that observed for unmodified cro-
cidolite (Table 1), which suggests that iron
was not involved in the decrease ofGSH.
EffectofCroddolite Exposure
onFormationofGSH-Protein
MixedDisulfides, GSH Conjugates,
and S&Nitrosothiols
Results shown in Table 2 indicate that
crocidolite treatment ofA549 cells does not
lead to elevation of GSH-protein mixed
disulfides or GSH conjugates. There was a
significant elevation in S-nitrosothiols at
the 6 pg/cm2 treatment. However, this
would represent less than 1% ofthe GSH
depleted from the cells. DF pretreatment
ofcrocidolite fibers prevented the forma-
tion of S-nitrosothiols (Table 2), which
suggested that iron is involved in
S-nitrosothiol formation.
EffectofTuneofCrocidolite
Exposure onIntracellular
andE1traceu1r GSH Levels
As shown in Figure 1A, incubation of
A549 cells with crocidolite (3 pg/cm2) for
up to 24 hr resulted in a time-dependent
decrease in intracellular total GSH starting
4 hr after treatment. The GSSG levels
remained constant during this time period
(data not shown).
Exposure ofA549 cells to 3 pg/cm2
results in a time-dependent increase in
extracellular total GSH, as shown in Figure
1B. This is consistent with earlier observa-
tions for the depletion ofintracellular GSH.
Approximately 5 nmol/106 cells oftotal
GSH found in the medium at 12 hr (71%
ofthe total GSH) or 24 hr (50% ofthe total
GSH), respectively, was in the reduced
form. To determine the half-life ofreduced
GSH in this medium at 37°C, 30 nmol
reduced GSH, a concentration comparable
to that observed after 24-hr treatment with
asbestos, was added to the medium.
Aliquots were removed and assayed for
reduced GSH at designated time intervals
up to 24 hr. The half-life ofreduced GSH
under these conditions was less than 1 hr,
which suggests that reduced GSH was
released from the cells into the medium
continuously during the treatmentperiod.
LDH levels were assessed in samples of
extracellular medium to determine whether
membrane damage occurred. At 24 hr,
medium samples from untreated and 3
pg/cm2 crocidolite-treated cells showed no
Table 2. Effect of crocidolite exposure on the formation of GSH conjugates, GSH-PrSSG, and S-nitrosothiols in
human lung epithelial cells.a
PrSSG, GSH conjugates, Snitrosothiol,
Crocidolite, pg/cm2 nmol/106 cells nmol/106 cells pmol/106 cells
None 1.8±0.3 0.3±0.2 <job
3.0 1.6±0.2 0.3±0.2 20±10
6.0 1.6±0.3 0.4±0.2 50±20*
DFc3.0 1.6±0.4 0.3±0.1 <10
DF 6.0 1.4±0.3 ND <10
Abbreviations: ND, not determined; PrSSG, protein-mixed disulfides. 'A549 cells were exposed to crocidolite or DF
crocidolite at the indicated concentrations for 24 hr. PrSSG, GSH conjugates, and low molecular weight S-
nitrosothiols were determined, as described in "Materials and Methods." Results are expressed as mean±SD
(n=3). bBelowthe detection limit of 10 pmol/106 cells. CCrocidolite from which 7% ofthe iron was removed by DF
pretreatment. *, significantly different from the untreated control, assuming an untreated control level of 10±10
(Student's t-test, p<0.01).
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Figure 1. Effect ofcrocidolite exposure on intracellular
glutathione concentration and glutathione release into
the extracellular culture medium. A549 cells were
exposed to 3 pg/cm2 crocidolite. Intracellular and
extracellular glutathione were determined in untreated
and 3 pg/cm2 crocidolite-treated cell samples by
enzyme recycling, as described in "Materials and
Methods." Results are expressed as mean±SD (n=3).
Error bars represent SD. (A) Intracellular glutathione
levels; (B)extracellular glutathione levels.
differences in extracellular LDH activity
(data not shown). In a separate experiment,
cells were loaded with 14C-adenine before
24 hr treatment with 6 pg/cm2 crocidolite.
There was no increase in 14C found in the
medium ofthe treated compared with con-
trol cells. Therefore, no apparent signifi-
cant cell membrane injury occurred during
the 24-hr crocidolite treatment.
EffetofCroddoliteExpsure
onGSH-associatedEnzymes
Enzymes responsible either for synthesis
and maintenance or utilization of GSH
were assayed after treatment ofcells with 3
pg/cm2 for 12 or 24 hr.There were no sig-
nificant changes in the activity of GR,
GPx, GST, or G6PDH as compared with
the untreated controls (data not shown).
However, there was a significant decrease
in the activity ofy-GCS (p<0.01) at the
24 hr time point from 15± 1 U/mg protein
to 7± 1 U/mg protein. When cells were
exposed to DF crocidolite, there was an
identical reduction in the activity of y-
GCS, which suggested that iron was not
responsible for the loss ofactivity.
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Discussion
The data presented here show that exposure
ofA549 cells to crocidolite resulted in a
concentration-dependent decrease in intra-
cellular GSH without a concomitant
increase in GSSG. Decreases in cellular
GSH have been reported by Janssen et al.
(11) in rat pleural mesothelial cells exposed
to crocidolite, by Boehme et al. (13) in rat
alveolar macrophages exposed to crocido-
lite, and by Israbian et al. (12) in human
pulmonary epithelial-like cells (WI-26)
exposed to amosite asbestos. All of these
investigators attributed the decrease in
GSH to formation of oxygen radicals.
However, only Boehme et al. (13) evalu-
ated GSSG concentrations and observed no
change in comparison with the untreated
controls; our results are consistent with
those observations.
Depletion ofintracellular GSH did not
appear to result from its oxidation and sub-
sequent efflux, as 50% ofthe intracellular
GSH depleted in 24 hr was recovered in the
extracellular medium in reduced form.
Because the half-life ofreduced GSH placed
in this medium was less than 1 hr, the pres-
ence of this high percentage of reduced
GSH in the medium after treatment ofthe
cells with crocidolite suggests that reduced
GSH was released from the cells into the
medium continuously during the treatment
period. Other investigators observed GSH
efflux during apoptosis (28). However,
GSH release observed after crocidolite treat-
ment did not appear to be the result ofnon-
specific membrane damage or apoptosis
because there was no increase in LDH
release after crocidolite treatment or in 14C
release after crocidolite treatment of 14C-
adenine-loaded cells. Boehme et al. (13)
reported release ofGSH into the extracellu-
lar medium after exposure of rat alveolar
macrophages to crocidolite. Their results
cannot be compared directly with ours due
to differences in dose, cell type, and time of
exposure. Epithelial type II cells release
several compounds to epithelial-lining fluid,
which is the first barrier against inhaled
oxidants (29,30), and efflux of GSH by
epithelial cells could be a protective mecha-
nism. In fact, levels of reduced GSH
observed in alveolar-lining fluid range from
200 to 800 pM (31). Other investigators
observed reduced GSH efflux from hepato-
cytes exposed to vasopressin (32) or
glucagon (33). Investigators subsequently
showed that efflux of GSH from hepato-
cytes was protein mediated (34). The list
of tissues identified, which efflux reduced
GSH in response to a variety ofstimuli, is
growing, and speculation on the function
for extracellular GSH was recently
reviewed by Smith et al. (35).
There was a significant elevation in
S-nitrosothiols with 6 pg/cm2 treatment.
Exposure ofA549 cells to crocidolite results
in synthesis ofmRNA for iNOS and eleva-
tion ofintracellular nitrite, which is a stable
oxidation product of NO (9). Reaction
between enzymatically generated NO and
thiol-containing proteins or GSH in the
presence ofa transition metal (36), such as
Fe from crocidolite, would produce the S-
nitrosothiol detected in this treatment.
However, the S-nitrosothiol produced
under these conditions would account for
less than 1% ofthe total GSH depleted.
Crocidolite exposure led to a significant
decrease in the activity of y-GCS, the rate-
limiting enzyme in GSH synthesis. This
would likely lead to decreased synthesis of
GSH and may contribute significantly to
the dramatic decrease in intracellular GSH
observed after crocidolite treatment. The
only other GSH-associated enzyme activity
reported to change after crocidolite expo-
sure was that of GPx. Janssen et al. (37)
observed an increase in GPx from rat lung
tissue after rat exposure to crocidolite for 6
days. We did not observe any change in
GPx activity or in GR, GST, or G6PDH
activity after exposure ofA549 cells to cro-
cidolite for 24 hr. GR and G6PDH activity
did not change, nor did GSSG increase,
which suggest that the GR had sufficient
activity and sufficient reducing equivalents
(reduced nicotinamide adenine dinu-
cleotide phosphate) to maintain the GSH
in the reduced state even though oxygen
radicals were likely being generated by Fe
from crocidolite.
It did not appear that reactive iron on
crocidolite was essential for either intra-
cellular GSH depletion or efflux, or for
decrease in the activity of y-GCS. We
showed previously that the removal of
iron from crocidolite fibers did not affect
the uptake of the fibers into A549 cells
(9). This suggests that binding of the
fibers to the cell membrane or internaliza-
tion of the fibers may somehow lead to
the efflux of GSH. Experiments are in
progress to elucidate the mechanism for
reduced GSH efflux stimulated by croci-
dolite fibers. It is apparent from the
studies reported here, however, that iron
associated with crocidolite is required for
the formation of S-nitrosothiols. Chao et
al. (9) showed that iron was required for
NO synthesis in A549 cells after crocido-
lite exposure. The NO produced as a
result of this exposure would be required
for the formation of S-nitrosothiols. DF
crocidolite treatment, resulting in deple-
tion ofintracellular GSH levels to 41% of
untreated controls (the same level of
depletion observed for unmodified croci-
dolite), did not lead to transcription of
mRNA for iNOS (Park and Aust, unpub-
lished observation), synthesis of NO (9),
or formation ofS-nitrosothiols.
In conclusion, exposure ofA549 cells to
crocidolite resulted in GSH efflux into the
extracellular medium, formation of S-
nitrosothiols, and decreased y-GCS activity,
which led to a decrease in intracellular GSH
with no detectable oxidation to GSSG.
The role that efflux of reduced GSH may
play in the damaging effects ofcrocidolite
in the epithelial cells remains unclear.
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